Organic wastes rich in phosphorus (P) are considered an alternative to decrease the dependence on chemical P fertilization in crops and pastures. Microbial inoculants are being studied as a tool to increase plant P availability in organic wastes. In this study, we explore the effect of inoculation with Bacillus sp. MQH-19 (a native phytase-producing bacterium) on the release of inorganic phosphorus (Pi) in cattle manure with low available P but a high total P content. Bacteria inoculation resulted in a higher release of Pi (8% in NaHCO 3 and 13% in NaOH-EDTA extracts) compared with that of uninoculated manure (0.7% in NaHCO 3 and 0.1% in NaOH-EDTA extracts). However, a greater amount of Pi was released in inoculated manure supplemented with phytate (47% in NaHCO 3 and 117% in NaOH-EDTA extracts) compared with that of uninoculated manure supplemented with phytate (30% in NaHCO 3 and 15% in NaOH-EDTA extracts). In addition, the use of denaturing gradient gel electrophoresis (DGGE) and quantitative PCR (qPCR) revealed that the bacterial community structure in manure was affected by inoculation and that the prevalence of Bacillus sp. MQH-19 decreased during incubation (6 days). This study demonstrates that Pi availability in cattle manure can be increased by phytase-producing bacteria inoculation. Phytase-producing bacteria inoculation might represent an attractive strategy to increase P availability in agricultural wastes, which are used as organic fertilizers in crops and pastures.
Introduction
Phytate is the main form of phosphorus (P) storage in plant and the major constituent of organic P (Po) fraction in seeds. Although ruminants have natural phytase activity in their digestive tract, a large amount of phytase-labile P passes undigested, which leads to animal manures containing a high total P (Pt) content, particularly organic P forms, such as phytate (He et al., 2006; Menezes-Blackburn et al., 2013) . Animal manures and other agricultural wastes are commonly used as organic fertilizers by farmers; Phytase-producing Bacillus sp. inoculation in cattle manure.
however, during their storage and degradation, diverse changes in their physico-chemical properties, P availability and microbial populations occur (Smith and Collins 2007; Fuentes et al., 2009) . When animal manure reaches a soil environment, phytate strongly interacts with soil minerals and becomes highly unavailable as a P source for nutrition of plants and microorganisms (George et al., 2007; MenezesBlackburn et al., 2013) .
Currently, most P fertilizers are manufactured from rock phosphate, which in turn, are a non-renewable and limited mineral resource, and major attention has been given to improve plant access to the P pool contained in organic wastes, such as cattle manure (Abelson 1999; Richardson et al., 2006; MenezesBlackburn et al., 2013) . Additionally, it has been proposed that composting of organic wastes enriched with bacteria facilitates the release of phosphate groups from inorganic (Pi) and Po forms, which increases the P availability to plants (Zayed and Abdel-Motaal, 2005) . In this context, commercial phytases, such as histidine acid phytases, have been successfully tested as P biofertilizers in acid soils but were shown to not improve P availability in animal manure (MenezesBlackburn et al., 2011; . Indeed, commercial phytases were selected and engineered to act in the acid environment of animal stomachs (Lei and Porres 2003; Greiner and Konietzny 2011; . Manures are generally slightly alkaline, and therefore, bacterial alkaline β-propeller phytases (BPP) would be the most suitable type of phytases for application in this environment (Jorquera et al., 2008a; Acuña et al., 2011) .
During the last few years, our group has isolated several phytate-utilizing bacteria from cattle manure and soil environments (Jorquera et al., 2008b; Fuentes et al., 2009; Jorquera et al., 2011; Martinez et al., 2011) . However, the application of these strains to improve Po hydrolysis in manure with a concomitant increase in P availability for plants requires further evaluation. The primary concerns regarding the use of these bacteria as manure inoculants are the inoculum prevalence, phytase expression levels and the activity of their phytases in a suitable pH range. Therefore, the objectives of this work were to evaluate the effect of phytase-producing bacteria inoculation on P release in cattle manure with low available P but high Pt contents. In addition, the bacterial community structure and inoculum prevalence were evaluated by denaturing gradient gel electrophoresis (DGGE) and quantitative PCR (qPCR) using 16S rRNA and β-BPP as gene targets.
Materials and Methods

Cattle manure sample
Cattle manure with low available P was collected in Cerro Azul farm at Rio Blanco, southern Chile (40°20'S; 72°35'W). In this farm, animals are kept confined during winter, and the accumulated manure mixture (dung, straw, feed and soil) was kept under open field storage yard conditions for at least one year before this experiment. The collected manure was transported to the laboratory, air-dried, homogenized, passed through a 2-mm sieve and subjected to analysis to determine its chemical properties. Total P and inorganic P (Pi) were estimated according to Fuentes et al. (2009) using the sequential P fractionation procedure of Hedley et al. (1982) with modifications described by Ajiboye et al. (2004) . Briefly, 0.3 g of manure sample was shaken with 30 ml of sequential extraction solutions (distilled water, 0.5 M NaHCO 3 , 0.1 M NaOH-EDTA and 1 M HCl). Each fraction was digested using nitric-perchloric acid digestion, and the concentration of P was measured by spectrophotometry at 880 nm. The pH was measured in 1:2.5 soil/ deionized water suspensions. Nitrogen (N) was measured using the Kjeldahl method, and organic carbon (C) was measured according to protocols described by Sparks (1996) 
Manure inoculation assay
Bacillus sp. MQH-19 was chosen for the inoculation assay because it does the following: i) produces phytase activity in the presence of phytate , ii) increases extracellular Pi concentrations when grown in medium supplemented with phytate as the sole P source (Acuña et al., 2011) and iii) increases β-propeller phytase gene expression when grown in a medium or soil microcosm supplemented with phytate . supplemented with 0.5 mM Na-phytate g -1 of manure and inoculated as described above. Controls without bacterial inoculation were also performed for manure with and without phytate supplementation. The manure moisture levels were adjusted to 80% of the water-holding capacity, after which, the tubes were incubated for 6 days at 30 °C. The Pi concentration was determined before and after incubation in H 2 O, NaHCO 3 and NaOH-EDTA extracts as previously described .
Bacterial community structure
The bacterial community structure in manure incubation assay was examined at 0, 3 and 6 days by DGGE as described by Jorquera et al. (2010) .
Total DNA was extracted using a Power Soil® DNA Isolation Kit (Mo Bio, Inc.) according to the manufacturer's instructions. The primers, EUB933f-GC and EUBr1387 (Iwamoto et al., 2000) , were used to amplify ~450 bp DNA fragments of bacterial 16S rRNA genes. The DGGE electrophoresis was run for 10 h at 100 V, and 35-65% gradient (urea and formamide) gels were stained with SYBR Gold 
Prevalence of Bacillus sp. MQH-19
The prevalence of Bacillus sp. MQH-19 during the incubation manure assay was estimated as the relative abundance of BPP genes in relation to the total bacterial 16S rRNA genes by qPCR according to Jorquera et al. (2013) . Briefly, DNA extracts from the incubation assay were taken at 0, 3 and 6 days and used for qPCR reactions with a 7300 Real Time 
Statistical analysis
The data were analyzed by a one-way ANOVA, and comparisons were performed with the Tukey test. All analyses and experiments were performed in triplicate,
and the values are given as means ± standard errors.
Differences were considered to be significant when the P value was ≤0.05.
Results
Pi release in manure incubation tests
In general, the results showed that fresh phytate respectively. An increase in Pi (8% and 13% in NaHCO 3 and NaOH-EDTA extracts, respectively) was also registered in inoculated manure (IM). Figure 1 shows the changes in the bacterial community structure in manure during the incubation assays revealed by DGGE. The dendrogram based on DGGE profiles showed <80% of similarity in the community structure between uninoculated manure treatments (UM and UM+P) after 3 days of incubation in relation to other treatments (Figure 2, a) . After 6 days of incubation, differences were also observed between uninoculated (UM and UM+P) and inoculated manure treatments (IM and IM+P) with a similarity <85%.
Bacterial community structure
PCA analysis evidenced not only differences between uninoculated and inoculated manure treatments but also those between 3 and 6 incubation days ( 
Prevalence of Bacillus sp. MQH-19 in manure inoculation assay
Analysis by qPCR revealed a significant decrease (P≤0.05, Tukey's test) of Bacillus sp. MQH-19 at 3 and 6 days after inoculation (Figure 3, a) . However, the inoculum prevalence was maintained between 3 and 6 days in the inoculated manure with and without supplemented phytate treatments (IM and IM+P).
No positive signal for the BPP gene was observed (Figure 3, b) .
Discussion
Cattle manure and other agricultural wastes are often used as organic fertilizers for crops and pastures by farmers. Nevertheless, their use as P fertilizer is rather inefficient due to the large amount of unavailable
Po compounds, such as phytate, which are often stabilized in soils by precipitation and adsorption processes (Menezes-Blackburn et al., 2013) . Because these Po forms accumulate in soils, increased P losses are observed in runoff, which reaches water courses and causes nutrient pollution (Green et al., 2007) . Phytase-producing Bacillus sp. inoculation in cattle manure.
There is an increasing interest in phytase treatment of manures to hydrolyze their recalcitrant Po before they reach soils, and these Po forms become stabilized and unavailable to plants and microbes (MenezesBlackburn et al., 2013; . In our incubation assays, a higher Pi content (8-13%) was observed in manure inoculated , whose activity was previously described as an extracellular alkaline phytase with an optimum pH of 7.5 and high substrate specificity toward phytate (Kim et al., 1998) . The pH dependency of activity from the extracellular Bacillus sp. MQH-19 phytase was previously described by Acuña et al. (2011) with an optimum pH of 7.0.
The phytate in ruminant diets is partially converted to Pi during digestion due to the presence phytases in intestine mucosa and rumen microflora; nevertheless, a significant amount of phytate is still present on the excreta (Dao 2007) . This may be due to phytate chelation by metals (Dao 2003) and an insufficient digestion time associated with a high phytate content in grain-based diets (Dao 2007) . Phytate-degrading bacteria are also present during the fermentation of cattle manure, which suggests further degradation of phytate (Fuentes et al., 2009 .
Conclusions
Cattle manure inoculated with a native phytaseproducing bacterium is a promising approach to increase organic phosphorus hydrolysis and the Further studies are necessary to improve the efficiency and survival of the inoculated bacterium and to identify the native microorganisms stimulated by phytate addition.
